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The modes of interaction of biological paiticles (such as 
cells, bacteria, viruses, DNA, and proteins) with altor- 
nating current (ac) electric fields is an active area ctf 
investigatioa, with potentially important uses in noedical 
diagnostics, drug discovery, and cell therapeutics, as well as 
emerging biothreat applications. The desired objective in 
many cases is to use electric fields to selectively isolate, cacn- 
centrate, or purify target bioparticles when present in suspem- 
sions of mixed particles. EXan^les include the isolation <of 
stem cells, fet^ cells, cancer; cells, or bacteria from blood fior 
therz^y or further analysis. 

Masuda et aL [1] applied a travelii^ electric field, pioduood 
by applying; poly-phase voltages to a parallel array of elec- 
trodes, to an aqueous suspension of blood cells. They found 
that they could: control both txanslaticHial and circular motiooos 
of the cells. The optimal frequency range for such motions 
was found to be 0.1-10 Hz. As is to be expected when worik- 
ing at such low frequencies, these induced cell motions were 
largely electrophoretic in origin and dependent on cell size amd 
electrical charge carried by the cells. Hagedc^n et al. [2] later 
demonstrated that quadrature-phase electric fields of frequem- 
cy between 10 kHz and 30 MHz could pxxluce linear motioms 
of pollen and cellulose particles. At these higher frequencies 
the influence of field-induced dipole moments is more impoff- 
tant than particle surface charge, and dielectroidK»esis (DEp[^ 
rather than electrophoresis, is the dominant phenomenooL 
Hagedom et al. [2] coined the term traveling-wave dielec- 
trc^horesis (TWD) for this motion and found that TWD was 
restricted to a frequency range where the particles were lew- 
tated above the electrodes under the influence of a negative 
DEP force. This finding was confirmed by Huang et al. [3] 
who further deduced that the TWD velocity was proportional 
to the imaginary (out-of-phase) component of the induced 
dipole moment, with the DEP levitational force being propar- 
tional to the real (in-phase) component. 

Theoretical models of TWD have been refined [4H6] aiad 
various practical devices have been develc^ied for manipulao- 
ing, separating, and characterizing blood cells, cancer celts, 
yeast, and parasites [7}-[12]. By employing TWD it is possa- 
ble to selectively move cells or other bioparticles along :a 
channel in a stationary fluid Selective movement arises fnxm 
the intrinsic physico-chemical properties of the bioparticle. Jbi 



many cases tagging the target particle with a biochemical 
label, bead, dye, or other bioengineered marker is not required 
to achieve selective isolation of the target from other particle 
types- TWD electrodes can be fabricated in the form of spirals 
[8], [9], tracks [10], and junctions [11]. . Dense concentrations 
of cells, as well as single cells, can be manipulated and sorted 
[12]. Provided that sufficientiy long TWD electrode tracks are 
used, a mixture of different particles can be firtctionated into 
"bands'" with a high degiiee of separation [ 10], [12]. 

The studies described alx>ve apply to tbs situation where the 
particles are e^qxised to one travding-wave signal. In this arti- 
cle we describe and give examples of how the sensitivity and 
utility of TWD cell separations can be enhanced by superim- 
posing one or more traveling-wave and standing-wave signals 
of different frequencier* onto an electrode array [13]. An 
inqxHtant advantage of using superimposed traveling waves is 
that iMOparticle separatioiBs of improved sensitivity and purity 
can be achieved on much smaller devices, facilitating their 
integration into miniaturized instrumentation and automated 
lalM]n-&<;faip technologies. 

Theoretical Modeling 

Figuie i depicts an array of intodigitated electrodes suitable 
for generating both traveling and standing electrical waves. 
Such electrodes commonly consist, of thin layers of gold, 
deposited onto a planar insulating substrate such as glass, and 
fabricated by photolithography or excimer laser ablation. In 
this figure the width d of each electrode is the same as the gap 
between electrodes, but this does not always have to be the 
case. Also, the electrodes need not take the form of straight- 
sided, parallel, bars. 

A traveling ac field can be generated by sequentially address- 
ing the electrodes with sinusoidal voltages of the same fi:equen- 
cy, and with a phase difference of 90° between consecutive 
elecnodes as shown in Figure 1. The direction of propagation is 
toward the smaller phase regions. Reversing this quadrature 
phase sequence causes the direction of wave propagation to 
reverse. The traveling wave has a wavelength A equal to due dis- 
tance between every fourth electrode, so that for the case shown 
in Figure k = Bd. For DEP, the electrodes are connected 
alternately to two sinusoidal voltages of the same frequency 
with phases of (f and 180^. This creates a stationary ac field 
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An important advantage of using superimposed 
traveling waves is ttiat bioparticie separations 
of improved sensitivity and purity can be 
octtieved on mucti smaller devices. 



The time-averaged DEP force acting on a particle arises 
from the interaction of the induced dipole monient with 
the applied field phasor. This is summarized for a particle 
of radius r suspended in a medium of permittivity by 
the foUowing equation [8]: 




Fig. 1. Diagram showing the electrical phase connections applied to on array of 
etectiodes to produce Isoth a DEP and a TWO force on particles suspended above 
the electrode plane. The DEP force (Fdb') acts either to levitate the particles or to 
attract them to ttie electrode edges. 1\ye TWD force has a vertical component that 
acts in the same manner as a DEP force, as well as o horizontal component (Fivw9 
ttxjt can Induce translational motion of particles along the electrode track. 
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Rg. 2. Variations of the real (l^m)) and imaginary OmCm)) 
components of ttie polarizability factors m (1 ) as o function of 
frequency, modeled for ttie case of human monocytes and T 
cells suspended in an aqueous medium of conductivity 40 
mS/m. TWD motion occur when the particles are levitated 
above the electrode plane (I.e.. Re(m) must be negative) 
and when lm(m) has a value of sufficient magnitude to gen- 
erate a translational TWD force. 



F= 27tE„r^{Reim)VE' + Im(m)S£-V^} (I) 

V£^ is the gradient of the square of the applied field and 
E£^V0 represents a summation involving the magnitude 
and phase <p of each field component 
in a Cartesian coordinate frame. The 
polarizability factor m determines the 
magnitude of the induced dipole 
moment and is a function of the fre- 
quency of the applied field and the 
conductivity and permittivity of the 
particle and its suspending medium. 
Re(m) and Im(m) relate to the real 
(in-phase) and imaginary (out-of- 
phase) components of this dipole 
moment, respectively. Re(m) is 
bounded by values of +1 and -0,5, 
and Im(m) falls within the bounds of 
+0.75 and -0.75. Values for Re(m) 
and Im(m) can be determined using 
the so-called multishell model of a 
cell, further details of which are given 
elsewhere [3], [8]. Figure 2 shows the 
frequency dependencies of these two 
parameters for human monocytes and T lymphocytes, using 
a three-shell model that takes into account the properties of 
the nucleus, cytoplasm, outer membrane, and surrounding 
electrolyte. The relevant dielectric and physical properties 
of these cell types were derived from measurements using 
Aura's Cell Physiometry™ technology [14]. 

For the DEP case, where the electrodes are energized with 
the two phases of 0^ and ISCy, a stationary field is generated 
with no spatially varying phase. In this case the factor 
Sf^V^ in (1) is zero. The resulting DEP force acts to either 
levitate the particle or to attract it to the electrode edges, 
depending on the sign of Re(m). This DEP force has no com- 
ponent acting along the electrode array, and so no transla- 
tional movement of the particle occurs. When the electrodes 
are energized with the quadrature phases (0°, 90**, 180°, and 
270°) a traveling field is generated, having a spatially depen- 
dent phase. The total DEP force now consists of a compo- 
nent (Re(m)V£^) normal to the electrode plane, and a 
component (Im(m)S£-V0) directed along the electrode 
track. The direction and velocity of the induced TWD 
motion along the track depends on the magnitude of the 
phase gradient factor ££^V0 and on the magnitude and sign 
of Im(m). As shown in Figure 2, the frequency range over 
which TWD motion occurs is defined by the situation where 
the cells are levitated above the electrodes by a negative 
DEP force (i.e., Re(m) negative) and where Im(m) is of suffi- 
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If a DEP or second TWD signal is added to the 
first TWD signal, the resulting electrostatic potential 
at the electrodes will be a superposition of the 
separate voltage functions. 



cient magnitude to generate a translational TWD force. 

The magnitudes of VE^ and V0, modeled using the 
3D Electromagnetic Field Simulator (Ansoft, Pittsburgh, 
Pennsylvania) are shown in Figure 3 as a function of height 
above the electrode plane. These results show that as a parti- 
cle approaches the electrode plane, a strong DEP force 
directs it toward the electrode edges and the TWD force 
reverses in polarity. The same forms of variations of V£- 
and ZE^V0 have been derived using the charge density 
method [5], Green's theorem [8], finite-element mesh 
method [15], and Fourier series analysis [6}. These various 
methods of analysis indicate that TWD takes the form of 
simple translational motion for particles levitated higher than 
d above the electrode plane. When particles approach the 
electrodes, they can exhibit circular and spinning motions as 
well as sudden reversals in their direction of travel. Such 
effects were noted in earlier studies [3] and designated as the 
FUN (fiindamentally unstable) regime. 

For levitation heights greater than the time-averaged 
TWD velocity is given by the following expression [8]: 



^WD = 



3rj 



Im(m)E£^V0 



(2) 



in which rj is the viscosity of the suspending electrolyte and 
V the applied (rms) voltage. For an aqueous 
electrolyte we have 7x 10~^® F • m~' and 
rj 10"^ kg • m"^ • 8"^ . For the case of a lym- 
phocyte {r ^ 5 iim) levitated to a height of 25 
^m on applying a 1 Vrms signal, and assuming 
Im(m) ~ 0.6, then from Figure 2 and (2) we 
obtain an anti-field TWD velocity of 
'^22^im-s"'. Particle velocity values of this 
order are typically observed in TWD experi- 
ments [3], [7], [8], [13]. As discussed by Wang 
et al. [8] the TWD velocity increases with 
increasing applied voltage but not as a voltage- 
squared dependency as suggested by (2), With 
increasing voltage the increased DEP force 
causes an increase of particle levitation height, 
and, as shown in Figure 3, this leads to a small- 
er value for XI£^V0 for levitation heights 
greater than 15 fim. 

If a paiticle is assumed to be in the far-field 
region, way above the electrode plane, where the 
field and DEP force decay exponentially as a 
function of levitation height, the following volt- 
age-independent expression can be derived for 
the TWD velocity [6]: 

2 r^^pg Im(m) 



where Ap is the difference between the specific densities of 
the particle and suspending electrolyte, and g is the gravita- 
tional acceleration factor (9-81m • s~-). For lymphocytes sus- 
pended in an aqueous electrolyte, Ap has a value 
~ 0.04 kg • dm~^ For Re(m) = -0.4 and Im(m) = 0.6, (3) 
predicts an anti-field TWD velocity of ~3.3 /xm • s"' for lym- 
phocytes. In the work reported here, the TWD velocities are 
considerably larger than diis value and are voltage dependent. 
This indicates that in our experiments we are operating under 
conditions where (2) rather dian (3) is pertinent. 

If a DS> OT second TWD signal is added to the first TWD 
signal, the resulting electrostatic potential at the electrodes will 
be a superposition of die separate voltage fiinctions. Provided 
that nonlinear effects are absent, such as those arising from 
electrode polarization, high power dissipation, or a frequency 
variation of e^, for example, there will be a linear superposi- 
tion of the effects caused by these two signals [13]. The total 
resultant DEP and TWD force acting on a cell will be the vec- 
tor stun of the individual forces produced by each signal acting 
separately. We use the expression "superposition TWD" to 
describe this effect. 

The stable levitation height h of the cell above the elec- 
trode plane is thus determined by the balance between the 
gravitational fence and the sum of the vertical components 
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Rg. 3. Variations of VE^ and SE^V^ as a function of height atxjve the elec- 
(3) trode array shown In Figure 1 , with of = 10 Mm and an applied phase quad- 
rature signal of 1 V. 
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of the DEP and TWD forces. These various force compo- 
nents are all dependent on particle volume, so that particles 
with the same dielectric properties and density but different 
sizes can be expected to levitate to the same height — as is 
the case for DEP field-flow fractionation [15], [16]. On the 
other hand, particles with differing dielectric properties will 
levitate to different heights above the electrode plane irre- 
spective of their size. Equations for determining the stable 
levitation height have been formulated [6], [15], [16] for the 
simplifying case of the DEP and TWD forces decaying as a 
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Fig. 4. Variation of the levitation height (microns) of T cells above Ihe elec- 
trode plane as a function of the frequency of a 0.5 V(nnns) TWD signal, and 
also as a function of the magnitude of a superimposed DEP signal of a 
fixed frequency of 10 kHz. 
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f\g. 5. Simulottons of tt^ TWD frequency spectra for human T 
lymphocytes for tfie case (a) of a pure traveling wave and 
(b), (c) a progressive increase in magnitude of a superim- 
posed 10 kHz DEP signal. To avoid effects associated vA\h the 
complex forms of the parameters VE^ and EE^v^ near the 
electrode plane, the TWD velocity Is taken as zero for a levita- 
tion height less than 15 ^m. The medium conductivity Is 40 



single exponential function of the height h above the elec- 
trode plane (exp(~7ilvti) for DEP and exp(-jzl^d) for 
TWD). The DEP and TWD forces do not behave in this 
simple manner over the full range of possible heights, but it 
is a useful approximation for our present purpose. Our pro- 
cedure to model superposition TWD thus takes the form of 
calculating the resultant vertical component of the sum of 
the DEP and TWD forces, calculating the stable levitation 
height, and from this the value of the factor XE^V4> to be 
used in (2). Corrections can be made to take into account 
electrode polarization effects [15], [16] and 
attenuation of voltage magnitude along the 
electrode track, but these have not been applied 
in the models described here. 

The effects of adding a 10 kHz DEP signal to a 
TWD signal are shown in Figures 4 and 5, for the 
case of T cells suspended in an aqueous elec- 
trolyte of conductivity 40 mS • s*"' . The added 
DEP signal produces an additional levitation 
fOTCc that acts across the complete TWD frequen- 
cy spectrunL As shown in Figurc 4, the effect of 
this is to extend the range of frequencies over 
which the cells are levitated above the electrode 
plane, instead of being attracted to the electrodes 
under a net positive DEP force. For a small 
superimposed DEP signal, this results in the low- 
firwjuency window for counter-field TWD being 
extended to a higher ftequency. As the DEP sig- 
nal is progressively increased, a co-field TWD 
window first ap&as at the higher frequencies, and 
then, as shown in Figure. 5, TWD becomes oper- 
ative across the full range of frequencies. This is 
shown more fully as a 3-D plot in Figure 6. For 
small magnitudes of the added DEP signal, a 
range of frequencies (marked as region "A" in 
Figure 6) exists where the cells are attracted to 
the electrodes. When this occurs, the cells often 
exhibit the so-called FUN effect [3], characterized by unstable 
motions that can include rotation as well as sudden reversals 
in their direction of TWD motion. Significant shear forces can 
be exerted on some types of cells during such behavior, and 
for lai^e applied voltages these forces can be sufficient to irre- 
versibly damage or burst the cells. Such selective cell bursting 
may be a desired objective, but more usually this is not the 
case and the electrical signals to the electrodes are pro* 
grammed to avoid this regime. 

Rgurc 7 shows the TWD spectra for T cells and monocytes 
modeled for the case of a superimposed 10 kHz DEP signal. 
At 40 kHz the T cells and monocytes exhibit anti-field TWD 
with velocities of 38 and 64 /im s~', respectively. At 1.3 
MHz the T cells have an anti-field velocity of 9 ^im • s~^ 
while the monocytes are trapped at the electrodes or exhibit 
effects associated with the FUN regime [3]. 

Experimental Methods 
Cell Cultures 

Human T lymphocytes (Jurkat E6-1) and monocytes (U-937) 
were obtained from American Type Culture Collection 
(ATCC: TIB-152 and CRL-1593.2, respectively) and kept in 
exponential growth as determined by doubling time. Cells were 
maintained in RPMI media containing Modified RPMI-1640 
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(ATCC) supplemented with 10% fetal bovine serum (ATCC), 
100 U/mL penicillin, and 100 iig/m\ streptomycin 
(Gibco/BRL). Cells were grown in a humidified incubator at 
with 5% CO2, 95% air. 

DlelectrofAoresis Expertmenfs 

Immediately before the experiments, cells were washed two 
times with 10 mL of an isotonic low conductivity media 
(ILCM) containing 8.6% w/w sucrose, 0.3% w/w dextrose, and 
1.0 mg/mL BSA (Sigma), pH 7.4. The conductiv- 
ity of the ILCM was adjusted to 40 mS/m at 25 
**C, by adding modified Eagle's minimum essen- 
tial media (ATCC) at a ratio of about 40: 1, and 
using a YSI 3200 conductivity instmment with an 
Orion 018012 conductivity flow cell. After wash- 
ing, the cells were suspended in the ILCM, and 
the osmolality of this cell suspension media 
remained near 2% mmol/kg, as determined using 
a Vapro 5520 vapor pressure osmometer. 

The osmolality and conductivity of the suspen- 
sion medium were checked before and after each 
experimental mn. Two types of experiments were 
performed using our Cell Physiometry^" tools, 
namely a profiling of DEP characteristics using a 
PhysioNetics^" instrument [14] and 
Superposition-TWD cell manipulations using a 
CellNetics™ instrument. In both cases, the ILCM- 
cell su^nsions were introduced into a chamber 
that is integrated within the instrument. These 
chambers contained microelectrode arrays fabri- 
cated using photolithography. For the 
PhysioNetics™ measurements, a sequence of ac 
voltages was automatically applied to the micro- 
electrodes, and images of the DEP-induced 
motions of the cells were captured at 30 frames 
per second The location and diameter of individ- 
ual cells were continuously tracked, and one out- 
put of these measurements is a value of the 
so-called DEP cross-over frequency (DEP^q) 
for individual cells. Further details are provided 
elsewhere [14]. Apait fiiom representing a setisi- 
tive marker to characterize different cell types and 
changes in cell state [14], the value for DEP^q 
corresponds to the upper ftequency point where 
cells can exhibit translational motion when a sin- 
gle TWD signal is applied to the electrodes. 
Knowing the characteristic value of DEP^o 
different cell types provides guides as to how they 
will respond in the CellNetics™ instrument In 
this instrument, DEP signals can be added in con- 
trolled ways to one or more TWD signals. 

For some of the experiments T cells and 
monocytes were labeled with a fluorescent CD2- 
FTTC (Leu™-5b) and CD33-PE (Leu™-M9) anti- 
body (B D Immunocytometry Systems), 
respectively, in order to verify that separation of 
T cells from monocytes had been achieved by the 
TWD procedures described here. 



posed 10 kHz DEP signal. There is good agreement with the 
theoretical models shown in Figures 5 and 6. For an applied 
DEP signal of IV, the T cells exhibited anti-field TWD motion 
between 40 kHz and 200 kHz. With an ^pUed 2V DEP signal, 
die anti-field TWD range increased to 400 kHz and a co-field 
TWD window appeared above 5 MHz. As die magnitude of 
the 10 kHz DEP signal was progressively increased to 3 V and 
above, the TWD window became operative over the full range 
of measurements from4 kHz to 60 MHz. 
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Rg. 6. Three-dimensional plot of the TWD frequency spectrum for T cells as 
a function of increasing magnitude of a superimposed 10 kHz DEP signal. 
Region "A" corresponds to the frequency range wtiere cells are attracted 
to ttie electrodes and elttier remain stationary or extiibit unstable motions. 
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Results 

Figure 8 shows the TWD response for T lympho- 
cytes as a function of the amplitude of a superim- 



Rg. 7. The TWD frequerxry spectra for T cells (x) artd monocytes (o), mod- 
eled for the case of a superimposed DEP signal. The TWD signal is set at 1 
V(nTC) and the DEP signal at 10 kHz, 1.06 V(rms). At 40 kHz the T cells and 
monocytes travel at velocities of 38 and 64 /zm • s'^ , respectively. At 1.3 



MHz the T cells travel at 9 ^tm 
the electrodes. 



s"' . while the monocytes are trapped on 
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Sequentially captured images are shown in Figure 9 of the 
TWD responses of T lymphocytes suspended above an array 
of interdigitated microelectrodes. Three separate signals 
have been applied to the electrodes: a 30 kHz, 3V DEP sig- 
nal; a 75 kHz, 2.8V TWD signal; and a 350 kHz, 2.8V 
TWD signal. The quadrature phases of the TWD voltage 
signals were such that the two generated traveling fields 
acted against each other. Close inspection of Figure 9 




Fig. 8. The TWD response exhibrted by T cells as a function of tfte magnitude 
of a superinnposed 10 kHz DEP signal. As the magnitude of Ifie DEP signal is 

progressively increased from 1 V(mns), the frequency window Is Increasingly 
extended as predicted by the theoretical models shown In Figures 5 and 6. 




Fig. 9. Sequentially captured Images of T cells, suspended above on array 
of Interdigitated electrodes, moving under ihe Influence of superimposed 
DEP and TWD signals. A subpopukition of cells (e.g.. A, B, C) move to the 
right, while others (e.g.. 1, 2. 3) move to the left, according to their cell 
cycle stage. The medium conductivity is 40 mS • m-\ 



reveals that there are three modes of behavior a small num- 
ber of cells remain stationary; some cells move to the right, 
while others move to the left. This behavior is consistent 
with the cells responding according to their phase of the cell 
cycle. In previous work [14] we have shown that, as T cells 
progress from the Gi phase of their cell cycle through the S 
to the G2/M phases, the DEPxo values become progressive- 
ly smaller. This reflects an increase in cell size, together 
with an increase in the complexity of the cell 
membrane topography as described by the 
extent of microvilli, nK>lecular blebs, and mem- 
brane folding, for example. Basically, cells in 
the Gi phase have, on average, a sUghtly small- 
er membrane electrical capacitance than cells at 
a later stage in the cell cycle [14]. This fact 
enables cells to be separated by TWD, accord- 
ing to cell cycle phase, as shown in Figure 9. 

In another series of experiments, T cells and 
monocytes were mixed in a suspending medium 
of conductivity 40 mS • m"^ The separation of 
these cells by Superposition-TWD is shown in 
Figures 10 and 11. The sequence of events 
begins in Figure 10, showing how cells moving in 
opposite directions are directed into separate 
paths as a result of the serpentine geometry of the 
electrode elements [17]. This reduces steric hin- 
drance effects and also allows fluxes of different 
cell types to move freely and separately in oppo- 
site directions. Pure fractions of each cell type 
can be collected at specific sites along the TWD 
electrode tracks, as shown in Figure 1 1. These 
separations of T cells and monocytes were 
achieved by applying a 30 kHz, 2.6 V. DEP sig- 
nal with two counter-traveling TWD signals, 
each of magnitude 2.8 V and frequencies of 75 
kHz and 350 kHz, respectively. Separation of 
mixtures of T cells and monocytes by superposi- 
tion TWD can be achieved without labeling the 
different cell types. However, in order to verify 
that efficient separation had occurred, the results 
shown in Figures 10 and 11 were obtained by 
tagging the T cells with a CD2-FITC (green fluo- 
rescent) antibody and the monocytes with a 
CD33-phycoeiythrin (red fluorescent) antibody. 



Discussion and Conclusions 

Previous descriptions of TWD [2]-[12] describe 
the situation where a single voltage signal, of mn- 
able fiiequency and quadrature phases, is applied 
to a microelectrode track. TWD can then be 
observed over a relatively restricted range of fre- 
quency, corresponding to where the vertical com- 
ponent of the generated dielectrophoretic force is 
such as to levitate particles above the electrode 
plane, and where the horizontal, phase nonunifor- 
mity component of this force is sufficient to 
induce translational motion of these particles 
along the electrode track. For a mixture of cell 
types, or of cells of differing physiological states, 
fractionation of these cells can be achieved if the 
electrode track is of sufficient length. The usual 
situation observed is that different cell types 
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Measurement of a superposition TWD response 
across the full frequency range will provide the 
same infomnation as the electrorotation response 
plus the advantage that translational movement is 
much easier to detect and quantify. 



exhibit the same sense of TWD motion^ with a maximum dif- 
ference of the order 10 ^m - s~' between the mean velocities 
of the individual velocity distributions at an optimum fixed 
TWD frequency. As a result of biological variability, there is 
usuaUy an overlap of velocity distributions for different cell 
types. Bectrode track lengths of at least 2 cm are normally 
required to achieve separation of useful numbers of cells into 
relatively pure fractions. This equates, in teims of Figure 1, to 
an array of at least 1«000 interdigitated electrode elements 
(mark-space ratio of 10 ^m) and the accompanying chal- 
lenges of microfabrication and the electrical addressing of 
individual electrode elements. 

We have described a new approach, termed 
Superposition-TWD, whereby one or more DEP and TWD 
signals are applied together. The effect of such superposition 
of signals is to change the levitation height (Figure 4) of the 
particles above the electrode plane, and in so doing to alter 
the range of frequencies over which TWD occurs (Figures 
6-8). The results shown in Figures 6-8 were achieved by 
adding a 10 kHz signal to the TWD signal. This in^)osed an 
additional ceil levitation force on the ceils and resulted in a 
broadening of the TWD frequency window. If a 1 MHz DEP 
signal had been chosen, for example, then, as shown in 
Figure 2, the polarizability parameter Re(m) has a positive 
value and this would introduce a force that attracts the cells 
to the electrodes. Thus, the levitation height can be carefully 
controlled so as to either widen or narrow the TWD frequen- 
cy window. Narrowing the TWD window can result in the 
trapping of one type of particle on the electrodes, while 
enabling a second type of particle to be removed by TWD to 
differing levels of separation purity or ef^ciency. Widening 
the TWD window to the full range of 
available frequencies can extend the 
separation criteria available for 
exploitation, to cover differences in 
cell membrane morphology, integrity, 
and surface charge, for example (at the 
lower frequencies), or aspects of the 
cell interior associated with the endo- 
plasmic reticulum or differences in 
nucleus-cytoplasm volume ratio (at 
the higher frequencies). 

Particularly useful results can be 
produced by applying two or more 
TWD signals. Appropriate choices of 
TWD signal strengths and frequencies, 
as well as the senses of the applied 
quadrature phase sequences, can result 
in cells of different type or physiologi- 
cal state traveling in opposite direc- 
tions (Figures 9 and 10). This provides 



significant advantages over previously described TWD 
methods and can result in improved levels of attainable sen- 
sitivity and purity of cell separations on shorter electrode 
tracks (e.g., 0.4 rather than 2.0 cm). 

Finally, apart from cell-separation applications, this new 
method can be used to characterize cells and to monitor 
physiological changes occurring on exposure to chemical 
agents, for example. The ability to fiiUy extend the fre- 
quency window available for TWD studies offers an alter- 
native method to electrorotation for characterizing cells. 




Rg. 10. The separation of T cells and monocytes from a mix- 
ture using supenoosrtion TWD. The serpentine geometry of the 
elecfrod^ enables T cells (fraveling to the left) to follow unim- 
peded and separate pottis to those of the monocytes (mov- 
ing right). The vekx^ttles of most cells fall within ttie range of 
5-15 /xm/s. 



Fig. 1 1. T cells collecting to 1f\e left and monocytes to ihe right of the electrode array 
shown In Figure 10. To verify their separation, the T cells were labeled with a CD33- 
phycoerythrin (red fluorescent) marker and Ihe mcwnocytes with a CD2-FITC (green 
fluorescent) marker. 
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Since the time of its initial development [18], the theoreti- 
cal and experimental aspects of cell electrorotation have 
been extended in several laboratories (see [9] and refer- 
ences cited therein) and shown to be a sensitive method for 
monitoring the physiological state of cells. The electrorota- 
tion effect shares with TWD the property of being depen- 
dent on the frequency variation of the polarizability factor 
Im(in). However, conventional TWD is observable over 
only a narrow frequency range, while the electrorotation 
effect can be observed over the full range of frequencies. 
Measurement of a superposition TWD response across the 
full frequency range will therefore provide the same infor- 
mation as the electrorotation response. Furthermore, there 
is the added advantage that translational movement is much 
easier to detect and quantify than the rotation of a cell. 
Determining the electrorotation rate of bacteria and viruses, 
for example, is particularly challenging, whereas the TWD 
motions of such particles can readily be quantified. 
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